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Abstract 

We study the strong interactions of the L = 1 orbitally excited baryons with 
one heavy quark in the framework of the Heavy Hadron Chiral Perturbation 
Theory. To leading order in the heavy mass expansion, the interaction La- 
grangian describing the couplings of these states among themselves and with 
the ground state heavy baryons contains 46 unknown couplings. We derive 
sum rules analogous to the Adler-Weisberger sum rule which constrain these 
couplings and relate them to the couplings of the s-wave heavy baryons. Us¬ 
ing a spin 3/2 baryon as a target, we find a sum rule expressing the deviation 
from the quark model prediction for pion couplings to s-wave states in terms 
of couplings of the p-wave states. In the constituent quark model these cou¬ 
plings are related and can be expressed in terms of only two reduced matrix 
elements. Using recent CLEO data on S* and strong decays, we deter- 
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mine some of the unknown couplings in the chiral Lagrangian and the two 


quark model reduced matrix elements. Specihc predictions 
decay properties of all L = 1 charmed baryons. 


are made for the 
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I. INTRODUCTION 


Baryons containing one heavy quark offer an important testing ground for the ideas and 
predictions of heavy quark spin-flavor SU(4) and light flavor SU(3) symmetries. These sym¬ 
metries become manifest in QCD in the limits of inhnite heavy quark masses mb, me —>■ oo 
and identical light quark masses = m^ = Although implications of these symmetries 
for the spectroscopy and decay properties of the heavy baryons are well-known (for a review 
see e.g. [Q), so far very few predictions, if any, can be compared with experiments due to 
lack of both data and theoretical knowledge of the unknown parameters. 

This is the first of a series of papers in which we will study the properties of the excited 
heavy baryons, focusing on the hrst orbital excitations, the p-wave baryons with one heavy 
quark. In a sequel we will consider the radiative decays of these states. 

The spectroscopy of these states is reviewed in Section II in the language of the con¬ 
stituent quark model. The constraints imposed by heavy quark symmetry on the possible 
structure of these couplings can be automatically incorporated by describing them in the 
framework of heavy hadron chiral perturbation theory p|,|^ . The resulting chiral Lagrangian 
is presented in Section III. We include all possible strong interaction couplings among and 
between s-wave and p-wave baryons to leading order in l/mq and chiral expansion. There 
are a total of 46 independent coupling constants up to and including D-wave interactions, 
which in principle, have to be extracted from experiment. Recent data from FNAL and 
CLEO P] make it possible to test and constrain the parameters of the theory. 

We derive in Section IV model-independent sum rules which constrain these couplings 
and relate them to properties of the lowest-lying baryons. For the strong decay amplitudes 
these sum rules can be derived in analogy with the Adler-Weisberger (AW) sum rule familiar 
from current algebra. With a spin 3/2 baryon as a target, the two spin projections 3/2 and 
1/2 along the incident pion’s momentum give rise to two sum rules. One of these can be used 
to parametrize the deviation from the quark model relation among the two pion couplings 
9ii 92 to the s-wave heavy baryons, expressing it in terms of the pion couplings of the p-wave 
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baryons. 

In Section V we derive predictions for the strong couplings of the p-wave baryons in 
the constituent quark model. Many of these coupling constants can be computed in the 
quark model whereas others can be related in a simple way. In fact all but two of the 46 
coupling constants are determined in the quark model. Furthermore, these two couplings 
are constrained to satisfy an AW sum rule. 

In Section VI we discuss a few phenomenological applications of our results. We extract 
one of the pion couplings to the s-wave baryons g 2 from recent CLEO measurements on the 
S* width. The extracted value for g 2 is consistent with the quark model prediction. This is 
used in turn to determine the S-wave and D-wave couplings of two p-wave charmed baryons 

from their two-pion widths. Taken together with the quark model relations in Section V, 
these couplings can be used to estimate the strong couplings of all p-wave charmed baryons. 
A few specihc predictions are presented for some decay modes of these states. We conclude 
with some comments in Section VII. 

II. SPECTROSCOPY OF HEAVY BARYONS 

The heavy baryons fall into the 3 and 6 representations of flavor SU(3), into which the 
product 3®3 = 3 © 6 is decomposed, corresponding to the two light quarks in the baryon. 
The lowest-lying states transform as an 3 and can be represented either as an antisymmetric 
matrix [Q or as a vector T [§| 

= -s: = (2,1) 

We have taken as heavy quark a charm quark. This multiplet contains an isospin doublet 
(S° — and a singlet A+. In the heavy quark limit, the angular momentum and parity 

of the light constituents in a heavy baryon become good quantum numbers and the multiplet 
( p.l|) has = O’*". 

Above this multiplet lie other s-wave states with which transform as a 6 under 

light SU(3). When combining the spin 1 of the light degrees of freedom with the heavy 
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quark spin 1/2, one almost degenerate doublet is obtained, with total spins J = 1/2, 3/2. 
Both these states can be grouped together into one superheld as ^ 


S'll = ^(7/. + 'y/.)75^ 


^ d7 I 1 + ■/ n*ij 
■-°6 “I 2 


( 2 . 2 ) 


The matrices Bq and are defined in 
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and analogously for the sextet of spin 3/2 Rarita-Schwinger baryon fields Bq^. 
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(2.3) 


Table 1. The p-wave charmed baryons and their quantum numbers. S (the 
total spin of the two light quarks) is a good quantum number only in the con¬ 
stituent quark model. In the quark model, the first (last) four multiplets have 
even (odd) orbital wavefunctions under a permutation of the two light quarks. 


The spectroscopy of the p-wave heavy baryons is more complex. There are altogether 
eight heavy quark symmetry multiplets of p-wave baryons, represented in Table 1 together 
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with their quantum number^. They can be classihed into two distinct groups, correspond¬ 
ing in the constituent quark model to symmetric and antisymmetric orbital wavefunctions, 
respectively, under a permutation of the two light quarks P,p!0[|. We will refer to them as 
symmetric and antisymmetric states. Potential models indicate that the former he 

about 150 MeV below the latter. 

The lowest-lying p-wave states arise from combining the heavy quark spin with light 
constituents in a = 1~ symmetric state. The corresponding heavy baryon states have 
spin and parity = l/2“, 3/2“. The 1 = 0 members of these multiplets have been observed 
experimentally [§-|^ and are known as Acj(|, |). Their helds can be combined again into a 
superheld as 0 


1 




(2.4) 


with 


Ri = 


1 + 


:0 

^Cl 




C)*^ _ 


1 + 


7*0 

^Clfl 


-Cl/i 


A 


Cl/i 


(2.5) 


Above these states he three other p-wave 6 symmetric multiplets with quantum numbers 
of the light degrees of freedom = 0“, 1“,2“. Their 1 = 1 members will be denoted as 
Eco(|), Sci(|, |) and Sc 2 (|, §)• The = 0“ multiplet will be represented as a symmetric 
matrix {U)ij dehned as in ( p.3|) and the = 1“ multiplet will be represented as a superheld 
similar to (|2.4|) but with a symmetric matrix 

+ 'V)75r« + l/;« (2.6) 

The superheld corresponding to the = 2“ baryons is constructed as 

X'liu = ^ {(7m + + {lu + W)75^m«} (2-7) 
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^The terminology adopted here is particularly suggestive, with the subscript labeling the angular 
momentum of the light degrees of freedom. 
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with X*^j a spin-5/2 Rarita-Schwinger field and its spin-3/2 heavy qnark symmetry 
partner. 

The antisymmetric p-wave states are constrncted in complete analogy to the symmetric 
ones. There is a sextet |) with qnantnm nnmbers sY = 1~, which will be represented 

again by a superfield R'^ constructed in analogy to (|2.2|) . In addition to this, there are three 
antitriplets, whose 1 = 0 members are denoted by A^ 0 )^ci)^c 2 - Their superfields will be 
denoted as U^, l/*, X'^^. 

III. STRONG COUPLINGS OF THE HEAVY BARYONS 

The couplings of the heavy baryons to the Goldstone bosons are described most com¬ 
pactly when expressed in terms of their superfields (|2.2| , |2.4|J2.6| ). The leading terms describe 
P-wave couplings among the s-wave baryons and S-wave couplings between the s-wave and 
p-wave baryons 

^int = ^igief.uaxt^iS^v’'SY - '/3g2tT + S^A^B^ (3.1) 

+h2 {e,,kR^v,A],S^^ + + hgtr {B-^v,A^U + Uv^^A^B^) 

+hiA ^V^v^A'^Sf, + S^VuA''Vfj^ 

Thstr [R'^v.A’^Sf^ + S^v.A’^R'^) + K [%v,AYU'^ + l/'v^A^Tj) 

The Goldstone bosons couple to the matter fields through the nonlinear axial field A^ defined 
as 

= 5 . (3.2) 

with ^ = exp(zM//^), M = and U = 132 MeV 

The couplings gi, g 2 are defined as in and the coupling of the 3 p-wave baryons h 2 


^The couplings in |p are related to the ones in (^) by {g 2 )cho = 3/2^1 and {gYcho = —V^g 2 - 
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is chosen as in We introduced new constants hs — h-j describing all the S-wave pion 
couplings of the p-wave to the s-wave baryons which are allowed by heavy quark symmetry. 

The D-wave couplings of the p-wave baryons to s-wave baryons are described by 
dimension-5 terms in the effective Lagrangian 

(3.3) 


Cd — ihgeijkS [ + —g^j,y{v ■ T>){v ■ A)\ R: 


ij 


+ ihgtr \ V^,A^ + V^A^ + ^9tiu{v ■V){v A)j W 

+ ihiQeijkTi{T>^Ai,+ T>yA^).iXj^i + v\ 

+ ihi 2 tr (Vf,A^ + V^A^ -F ■V){v A)^ 

^kl 


+ ihi^eijkS ( T>^Ay -\- T>vA^ -\- —g^viy ■ T>)(y ■ ^)) 


ij 


+ ihi^Ti {Rfj^Ai, + T>yA^).^ X^^^ + hi^e^ucrX^ijkS^ {R^Aa + 'DaAu)ij X^^v\ . 

The covariant derivative of the axial held A^ is dehned as V^A^, = d^A^ -f [V^, Ay] with 


n = I + isy) , 


(3.4) 


and satishes the relation V^Ay — VyA^ = 0. The structure V^Ay + VyA^ -|- \g^y{v ■V){y ■ A) 
appearing in the SR and SV couplings projects out a pure D-wave. 

In addition to the couplings described by the Lagrangians the p-wave baryons 

can couple also among themselves and to the Goldstone bosons. The most general La¬ 
grangian allowed by heavy quark symmetry describing the P-wave couplings of the symmet¬ 
ric p-wave states has the form 


= ifie^'^^^R^VyA^^Ri + */ 26 ^""^tr {V^VyA^Vx) + {X^^VyA^Xo^x) (3.5) 

+ Atr {UA>^V,) + /gtr [(V^kl, + VyA^)X,y\ + h.c.. 


We note that the Goldstone bosons do not couple to the held U alone, as the only possible 
coupling tr {Uv ■ AU) does not conserve parity. 

The couplings of the antisymmetric p-wave states to the Goldstone bosons are described 
by a Lagrangian similar to ( p.5|) 
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(3.6) 


+ fieijtK’‘“‘A'‘U‘‘ + ifie‘“'"X,jkR'’“‘‘VyA‘’v;,‘ + {r'’“>‘A‘-“ + x‘‘, 

+ f’ff'AA“v;^= + fi(V;Ai' + + h.c.. 


Finally, the couplings of the symmetric to antisymmetric p-wave states are given by a 
Lagrangian containing fourteen additional couplings 

+ fMUA^R'^) + iffe^,xtr(V^v,A„R',) (3.7) 

+ /:tr|A',..(7l„K + A,R'^)] + ini,,,xRiv,AAu'i + A=‘u'; 

+ (4'g.' + A’‘U';)) + + fSe,jkU‘“Aijv;: 

+ (yv;* + Ajjv’‘) + /;i(.R;7ii‘ + KAi:)xii 

+ /:'3£«t(y‘'4'+ v^'a’Dr’^,+ */" . 


We neglected in (p75| , |^ , |^ ) interaction terms describing F-wave couplings, as they are 
expected to be highly suppressed on dimensional grounds. 

The Lagrangian ( p.l[) gives the following typical decay widths 
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r(Elr(i) ^ .-EJ) ^ 




Fi'A'+I'I'I ^ 'TT+WO'l — ^7 p2|^ 

( ci(2) c) 2nflM^+ 


IV. ADLER-WEISBERGER SUM RULES FOR HEAVY BARYONS 


A. Narrow width sum rules 


One can derive an analog of the Adler-Weisberger sum rule involving the coupling g 2 by 
considering a dispersion relation for pion scattering on an s-wave 3 baryon (similar sum rules 
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have been discussed in [p!^ -[l8| for the heavy meson case). One possible derivation, which will 
prove most convenient in the following, is based on the use of the forward (spin-averaged) 
matrix element of the retarded commutator^ 


F^^{u)=t / d^xF<i-^e{xo){P,\[D^{x), D\0)]\P,) 


(4.1) 


= FW (n) 1 {r“, + F(-) (n) 1 [r“, r^] 




where and n = is the pion energy in the baryon rest frame. Usual 

manipulations with current density commutators give the relation |]T^ 

d 


dv 


F‘->MI,.o = 4 


(4.2) 


with Is the isospin of the target. The states in (IT) are normalised according to {Pi\Pj) = 
{P,/m){2nf5{Pi-P,). 

Inserting a complete set of states in (^T|) gives 



{ 27 ,fY, <HT) 


(p,|r>“(o)|r){r|D''(o)|p,) 


-u 


P El 


le 


5{q + P-PT) 


p, J —V ~T H/ — H/Y' — 


(4.3) 


Assuming that the target has isospin Is = -1-1/2, the isospin-odd component pP^u) can be 
extracted as FP\i/) = i(F^+®^’^“*^(z/) — F^“®^’^+*^(z/)). Furthermore, noting from ([4.3| ) that 
F“^(z/) has no singularities in the upper half-plane n, the Cauchy theorem can be applied 
on a closed contour extending along the real axis and closed in the upper half-plane. This 
gives the dispersion relation^, assumed to require no subtraction 


Re fP\u) 



71 



Im PP^iC) 
(2 _ ^2 


(4.4) 


^The derivation presented here is a slightly modified version of the one given in ||19|| . 

“^We used here the relation fP\—i>) = (n) which can be obtained from a simple exami¬ 

nation of (^). 
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By adding the imaginary part of to both sides, (|4.4|) can be rewritten as 


= TdC 

TT Jo 


.Im F(-)(C) 


(4.5) 


(^2 _ ^2 

where u is nnderstood to have a small positive imaginary part. 

The imaginary part of F^~\i/) can be obtained from ([4.3|) . For z/ > 0 only the hrst term 
will contribnte (becanse the target is the lowest-lying state) and the resnlt can be expressed 
in terms of inclusive cross-sections for tt scattering on an antitriplet baryon as 


Im F^-\v) = jMmP\D'*‘^\r)?S(q + p - Pt) (4.6) 

- / df,(r')|{P|C'-“|r)P% + P-Pr.) 

= JF ^ X) - (r„(ir+=+ ^ A')) . 


The cross-sections cxo correspond to off-shell incident pions of momentum q with = 0. 
This value of is needed in order to be able to make use of the relation (^4.2|) on the l.h.s. 
of the £xed-g^ dispersion relation ( [4.5| ). 

Inserting (^4.5|) and (E3) into 0 one obtains the well-known result for the Adler- 
Weisberger sum rule on an antitriplet baryon target 

fl /-“dz/ 


1 = 


TT Jm-jr V 


(o'o(7r' 


X) - cro(7r’' 


X 


(4.7) 


Let us assume in the following that the resonances dominate the integral in (|4.7|) , that is, 
the contribution of the continuum states can be neglected. We will estimate the error induced 
by this approximation later in this section. Then (To( 7 r+S+ —> X) vanishes as this state has 
isospin 3/2 and there are no heavy baryons with this quantum number. Furthermore, the 


remaining cross-section in ([4.7|) can be expressed in terms of the pionic width (into off-shell 
pions with = 0 ) of the respective excited state as 


ao( 7 r-S+ ^ X) = 27r2 ^(2J + i fo{Xres^7i _ ^4 ^) 

res ^ 

Thus, the Adler-Weisberger sum rule on an 3 baryon target reads, when only resonances are 
retained. 
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(4.9) 


1=i:(2j+1) 


r(.Y, 


TT 




P—wave 


S—wave 


D—wave 


+ 2^3 + ^6 + 


+ \Pw\P-K ? + r + 


where we have accounted explicitly for the contribution of the sextet s-wave baryons and of 
the p-wave baryons. The ellipsis stand for contributions from higher states which can decay 
to the ground state 3 baryons with emission of one pion. The pion momenta in ( |4.9D are 
independent of the heavy quark mass in the inhnite mass limit, so the sum rule holds for 
any species of heavy quark. 

In a completely analogous way one can derive a sum rule involving the coupling gi from 
the scattering amplitude of pions off a sextet baryon. We dehne the corresponding retarded 
commutator averaged over the baryon spin as in (|4.1|) and take the baryon to be a member 
of an isospin doublet with J 3 = 1/2 and spin 1/2. There is however, a difference when 
compared with the previous case, due to the fact that now there exist states lighter than 
the target: the s-wave 3 baryons. As a result the two cuts of the function F^~\u) along the 
real axis touch each other and partly overlap. However, the dispersion relation (|4.5|) remains 
valid, due to our deliberate choice of working with the retarded commutator instead of the 
more usual time-ordered product (see e.g. ||2^). In the case of the time-ordered product, the 


left-hand cut (due to the second term in ( [4.3|) ) sits above the real axis. This is no problem 
as long as the two cuts do not touch, as the contour can be taken to run above and below 
the cuts and close on a circle in the upper and lower half-planes. When the cuts touch and 
overlap, such a choice of the contour is not possible anymore. The method adopted here 
avoids these complications, as the cuts are always under the real axis and they never get to 
pinch the contour. 

Due to the presence of states lighter than the target, the second term in ( |4.3| ) starts to 
contribute to Im for positive v. For this case, the relation ( |4.(j|) is modihed and 

reads (for z/ > 0 ) 
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(4.10) 


Im = i(2ir)"^|d^(r) {|{P|B'+“|r>)pd(5 + P - FrJ 

+|{P|£>‘+“|r<)|=i(,-P + Prj} 

- gPir)-*!:/dMr'){l(P|c‘-“|ri)rd(« + p-Pr.j 

+|{P|D'-“|r'^)pd(,-P + Prj} , 


We denoted here by r> (r<) the states lying above (below) the target mass. The sum over 
r> can be expressed as before in terms of inclusive cross-sections for tt scattering, and the 
one over r< can be computed in terms of the decay width for the process “target —>■ T^tt” 


r„(T^ r<;r+) = — i:H{^+r<|r)|P 

S-p 


(4.11) 


The contribution of the states T which are degenerate with the target will be extracted 
explicitly. There are two such states, the 6 baryons with spins 1/2 and 3/2 (for the sum 
rule on a 3 baryon this contribution vanished as pions do not couple to the 3 states). Their 
contributions on the left-hand side of ([4.2|) can be obtained from ([4.3|) and are 


9 S'? S'? 3 s? 

g^FpcMl-O = J + Ig = U ■ 


(4.12) 


The total contribution of all states which are not degenerate with the target to (|4.10 ) 
can be written as 


Im F(-)(z/) = {ro(T ^ tt+T) - ro(T ^ vr-T)} ^6{mT - u - mr) 


(4.13) 


/> 


(ao(7r-T^r)-ao(7r+T^r)) 


Keeping, as before, just the one-body states as intermediate states, one has (taking into 
account the fact that we have chosen the target T to have J 3 = -1-1/2) that r(T —>• tt^T) = 0 
and (T( 7 r+T —T) = 0. Inserting ([4.13|) and ( [4.5|) into (ID and keeping explicitly the 
contributions of the s-wave 3 and p-wave baryons, one obtains the following form for the 
Adler-Weisberger sum rule on a target 6 baryon 


P—wave 


S—wave 




^2 ^ ^ K 

2 ' 2 4 4 


1 = -^ + ^ + ^ + ^ + ^ + ^ + 




(4.14) 
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D—wave 


+ ^hl\p^ |2 + ^hl\p^ p + ^hj^\p^ |2 + ‘^hj^lp^ |2 + ^hl^lp^ |2 + ‘^hj^lp^ ^ + ■ ■ ■ . 

The ellipsis stand again for contribntions from higher excited states which can decay to the 
6 baryons with emission of a single pion. 

Taking as target a polarized spin-3/2 sextet baryon gives new snm rnles. For spin 
projection ruz = - 1 - 1/2 along the incident pion direction we obtain 

P—wave S—wave 


3gi , hi hi hi P. 

+ + y+ ^ + ^ + y + --- 


(4.15) 


D—wave 


+ ? + ^hl\P^ ? + P + \h%\P^ p + ^hl^\p^ P + ■ ■ ■, 


and for rriz = +3/2 

P—wave 


S—wave 


1 = 


_|_ M ^ _1_ T5 I ""7 

16 


Z <1 ^5 ^7 

+ — + — + — + — + 
2 4 4 2 


(4.16) 


D—wave 


+ q^sIPtt r + g^glihr r + 2 ^h\PTT P + gh^lPn ^ + g ^13 IPtt ^ + ^15 I/+ ^ + ' ' ' , 

In fact only one of these snm rules is new: by taking their average the unpolarized sum rule 
( [4.14 ) is recovered. We will take as the new independent sum rule the difference of ( 4.15 ) 
and (|4.16|) written as 


^ r+ ^^gip- r - r+r 

+ ^^?3lP-P-^^?5lP-P + -" • 


(4.17) 


One can see that the contributions of the S-wave couplings have canceled out in taking the 
difference. The phenomenological consequences of this sum rule will be discussed in Section 
VI. 


B. Continuum contributions 

We have neglected in the above considerations the contributions to the sum rule from 
continuum states. This is likely to be a good approximation in nature, where the heavy 
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baryons are seen as narrow states with widths much smaller than their mass separation. A 
similar approximation has been justihed in the meson case |]^ by using large-arguments: 
the contribution of 2-body states to the sum rule is suppressed relative to the one of the 
resonances by 1/Nc. The situation in the baryon case is, however, completely different. In 
the following we will enumerate the contributions of a few intermediate states to the sum 
rule in the large-Ac limit, following 

The coupling of an s-wave heavy baryon to the Goldstone bosons scales as \/Ac, which 
can be understood by recalling that the pion can couple to each of the Ac — 1 light quarks 
in the baryon (the factor of 1//,^ gives an additional suppression of 1/v^Ac). This gives that 
gi and g 2 scale as Ac. The similar s-wave to p-wave couplings are however only of order 1, 
because the Goldstone boson can only couple to the quark in a p-wave state. This implies 
that the couplings of the p-wave states A scale like \/Ac. 

On the other hand, the amplitude for the process pion -|- s-wave baryon —>■ pion -|- s- 
wave baryon is also of order 1 pT| , p^ . This means that the 2-body states (vr, s-wave baryon) 
contribute to the sum rule at the same order in 1/Ac as the 1-body states with p-wave 
baryons. This fact could potentially upset the resonance saturation approximation of the 
sum rules made above. Therefore an estimate of the continuum contribution is necessary. 

We will restrict ourselves to the study of the continuum contributions to the sum rule 
on a 3 baryon (|4.9|) . Even without an explicit calculation it can be argued, as in the heavy 
p!7[| , that the continuum contribution must be positive since there are more 


meson case 


states containing one heavy quark with isospin 1/2 than 3/2. Our explicit calculations 
will conhrm this conjecture, at least for the low-energy region where we can compute the 
continuum contribution. This implies that the sum rules (|4.9|) and (|4.14[ - ^T7D should in fact 
be considered as inequalities. 

In the absence of experimental data, the only reliable information we have about the 
continuum contribution comes from chiral perturbation theory (xPT). Unfortunately its 
validity is restricted to the low-energy region in the vicinity of the threshold for vr — 3 
scattering. In this subsection we compute the continuum contribution from threshold up to 
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the cut-off A = 345 MeV, which will be shown to mark the limit of validity of yPT in this 
system. In the next section (IV.C.) we go beyond xPT and use unitarity to bound the total 
contributions of the S-wave and P-wave channels to the AW sum rule. 

The contribution of the (tt, s-wave baryon) continuum to the AW sum rule on a 3 baryon 
( [4.91) is expressed in terms of the cross-sections appearing in (^4.7| ). In accordance with our 
previous discussion we keep only the contributions of the following channels 


(T_(z/) = ao( 7 r“S+ ^ ( 7 r 3 )i/ 2 ) + (Jo( 7 r“S+ ^ (vr 3 ) 3 / 2 ) (4.18) 

+ao(7r"S+ ^ (vr6)i/2) +ao(7r“S+ ^ (vr6)3/2) 
a+(z/) = ao( 7 r+S+ ^ (vr 3 ) 3 / 2 ) + o-o( 7 r+S+ ^ (vr 6 ) 3 / 2 ). (4.19) 


We have separated in cr_(i/) the contributions of the continuum states with isospins 1=1/2 
and 3/2. The corresponding amplitudes are given by the usual rules for isospin addition as 


Ai(7r 

A4(7r“ 


(^ 3 ) 3 / 2 ) = ^ 


TT S+) 


, . vr^S/) + ^M(7r- 


TT 


(4.20) 

(4.21) 


The evaluation of the diagrams shown in Fig.l gives 
AI(7r-S+ ^ (7r3)i/2) = 5 ') ^ 

+92[iv ■ q? - P ■ q] 


A4{7r 

A4(7r~^ 


('^ 3 ) 3 / 2 ) — 


i^/3 
i 

2 /) 


—n ■ g — A-|-ir6*/2 n ■ g — A-|-ir6*/2 
2 


(4.22) 
u{y, s) 


t /^ [2 ,2 iy-qf-p-q 

uiv, s )< -V ■ q + g,-r--—— 

^ ^ \ 3 ^ ^^-n-g-A + ir6*/2 


(7r3)3/2) = -7r7^u{v, s)i2vq + 3gl 


{v ■ qY — p ■ q 

—n ■ g — A -|- zr6/2 


u{v^s) (4.23) 

u{v,s). (4.24) 


Note that, as explained above, the incoming pion has g^ = 0; however, the hnal one 
is on the mass-shell p^ = m^. We have denoted here A = Mq — Mg, the mass splitting 
between the 3 and 6 multiplets. The widths in the denominators include both the charged 
and neutral pion channels and correspond to on-shell hnal pions. In the heavy mass limit 
they are equal and are given by 
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= Tfi* = 


M 


(A2 - m2)3/2 


(4.25) 


The amplitudes ( [4.22| - |T^) give, after squaring and integrating over the phase space of 
the hnal pion, the following cross-sections 


ao(7r' 


ao(7r 

cro(7r+S+ 


(7r3)i/2) - 

2 

(7r3)3/2) = 
(7r3)3/2) = 


647r/4 I 9 


128 


IPtI 


(4.26) 


— E-jt — A -1- iTg* /2 E^j- — A -|- iTg* /2 

('8 2 '' 

I “1“ — (J2E'ji\Pt^ 


327r/4 [9 

1 


^Ej^^P'^ I 6^2-^7r|j^7T 


(E^ + A)2 + ri*/4_ 

1 1 


(4.27) 

(4.28) 


327r/4 ^ —(E, + A)2 + ri/4 j • 

An important point which must be taken into account is that the expression ( |4.26|) con¬ 
tains a resonant piece. Upon insertion in the AW sum rule (|4.71) , it reproduces, in the narrow 
width approximation, the contribution of the 1 -body states with a sextet baryon shown in 


( [4.9|) . Therefore, to avoid double counting of this term, the true continuum contribution to 
the sum rule is obtained by explicitly subtracting it. To see this explicitly, we insert the 
resonant term in (|4.26|) into the integral on the r.h.s. of the AW sum rule. We obtain in the 


narrow width approximation 


/2 fdu 9gl 

= -J ^ 


dz/- 


m: 


:)3/2 


-A 


(z/-A)2 + ri/4 2^ 
as T —0. In the last step we used the well-known representation of the h function 

^ ^ i(-'-A), (r^o). 


(4.29) 


(4.30) 


27r (z/ - A )2 + r2/4 

The remaining cross-sections needed for the continuum corrections to the sum rule (|4.9|) 
correspond to final states with a sextet baryon of spin 1/2 and 3/2 plus one pion. They can 
be computed analogously with the result 

1 3 


(To(7r- 


ttG) = 


pIpI 


-E^{E 


'2 


m^)3/2 


1287r/4 -E; 

glgl K(K^-m^)3/2 
647r/4(^; + A)' + ri/4’ 


+ 


A -|- irg/2 Etj 
EL = E^- A 


A -1- irg/2 


(4.31) 
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ao(7r+S+ - 

ttG) 

(E', + Ay- + n/i 

(4.32) 

ao(7r-S+ - 

^ 7r6*) 

= 2ao(7r - 

->• ttG) 

(4.33) 

ao(7r+S+ - 

^ 7r6*) 

= 2ao(7r+S+ - 

->• ttG) . 

(4.34) 


The first (second) term in (2]^) corresponds to final states with isospin 1/2 (3/2). 


These cross-sections are inserted in the AW sum rule ([4.7|) and the integration is done 


numerically. We included also the hrst term in the elastic cross-section (|4.26|) although it 
is formally of higher order in l/N^ than the contributions we are interested in. In fact it 
will be seen to dominate the continuum contribution. The mass splitting between the 3 
and 6 multiplets will be taken A = 225 MeV, corresponding to the charmed baryons’ case. 


The quark model values (|5.1|) for the couplings gi and g 2 will be used (with gA = 0.75). 
We obtain for the continuum contribution to the AW sum rule ( [4.9|) for a few values of the 
upper limit of integration the numbers shown in Table 2. Especially for larger values of the 
upper cut-off, these corrections appear as being signihcant when compared with the 1 -body 
sextet contribution to the sum rule ‘il‘lg\ = 0.562. 



Cut-off energy (MeV) 

345 370 395 420 445 470 495 

(3 7r)5 

0.117 0.141 0.167 0.195 0.225 0.257 0.290 

(3 -|- 7r)p 

0.020 0.033 0.045 0.057 0.068 0.078 0.089 

(G 7r)p 

0.000 0.000 0.000 0.001 0.001 0.002 0.003 

Total 

0.137 0.174 0.213 0.253 0.294 0.337 0.382 


Table 2. Continuum contributions to the AW sum rule on a 3 baryon corre¬ 
sponding to different partial waves. 


In reality we will see that these large contributions are simply an effect of the limited 
applicability of chiral perturbation theory for the particular process of pion scattering on a 
static heavy baryon. It will be shown in the following section that unitarity gives an upper 
bound on the elastic pion scattering cross sections, which is exceeded in the L = 0 , 1 = 1/2 
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channel already above = 345 MeV. Therefore the only trustworthy values in Table 2 are 
those corresponding to the lowest value of the cut-off. 


C. Unitarity constraints 


The amplitude for elastic pion scattering vr^Tj —>■ vr^Tj on a static target T with isospin 
1/2 can be written as in (|4.1|) in terms of two functions 




(4.36) 


Each of these functions can be expressed in terms of two amplitudes and corre¬ 
sponding to spin-nonflip and respectively spin-flip transitions, defined by 




, cos6*) = u^{v,s') cos 6*) + cos6)a ■ {q' x q)^ 


U[V, s 


(4.36) 


We denoted here by Ej^ and cos^ the pion energy and scattering angle in the rest frame of 
the target, g, g' are unit vectors along the directions of the initial and hnal pions and u{v, s) 
are nonrelativistic 2-spinors in the rest frame of T. 

The functions and have partial wave expansions of the form (see e.g. [p^ ) 

OO 

cosd) = ^[(/ + 1)//+^(E^) + lf!^\E^)]Pi(cosd) (4.37) 

/=0 
OO 

g'±>(£;„ cosO) = '(cosD) . (4.38) 

1=1 

From a physical point of view it is more transparent to work instead of the amplitudes 
with amplitudes of well-defined isospin, given by 

2 ^(i/2 ) _ j^(+) _ 22"(-) 

2^(3/2) _ ji(+) _|_ ji(-) ^ 


(4.39) 

(4.40) 


These amplitudes have partial-wave expansions similar to those in ( |4.37| - py^ ). The corre¬ 
sponding amplitudes will be called //^^(E^r), with I = 1/2, 3/2 and have physical interpre¬ 
tation of scattering amplitudes in channels with total angular momentum j = / ± 4, parity 
— (—1)^ and isospin I. 
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Unitarity imposes an well-known constraint on the partial wave amplitndes 


Im 


47r 


'\fi± 


d )|2 


(4.41) 


For small energies where only elastic scattering is allowed, the ineqnality tnrns into an 
eqnality. The partial wave amplitndes are nsnally parametrized in this region in terms of 


phase shifts 6^2 as 


(/) _ 47r ■ 


(4.42) 


From (^4.41| ) one can derive an npper bonnd on the partial wave amplitndes, valid both 
in the elastic and inelastic cases. 


We will nse nnitarity to derive an npper bonnd on the inclnsive cross-sections into all pos¬ 
sible hnal states. The method makes nse of the optical theorem which expresses an inclnsive 
cross-section in terms of the imaginary part of a forward scattering amplitnde. Explicitly 
this gives the following expressions for the inclnsive cross-sections for pions incident on the 
Is = -1-1/2 member of an isospin donblet 


a(7r-T ^ X) 
cT(7r+T ^ X) 


Im A4(7r T —>■ TT T) 
T^Im MU+T tt+T) 


^Im 1) + 1)) (4.44) 

^Im (4.45) 


Inserting here the partial wave expansions (|4.37|-|438|) gives 


1 OO 

a(^-T ^ A') = yKi + l)Im + 2/,^"*) + llm + 2/,y">)] (4.46) 

1 OO 

c,{n*T ^ A) = ^ y |(; + l)Im /g'"’ + (Im //!'">]. (4.47) 

\P-^\ 1=0 

Taking the difference we obtain 


a{7i-T ^ X) - a(7r+T ^ X) = 

2 


(4.48) 


3|kI ^ 


Y.l(l + l)Im (//F’ 


0 


/FF + dm (/F^> - f/4] 
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From ( 4.41|) one can see that Im fi2 is positive and bonnded from above by ( 4.43 ). 
Therefore our strategy in the following will be to set an absolute upper bound on the 
difference ( 4.48|) by using ( 4.43 ) for Im and taking Im = 0 everywhere outside 
the domain of applicability of chiral perturbation theory. 

Strictly speaking the cross-sections appearing in the AW sum rule are not the physical 
on-shell cross-sections ( 4.44 , 03 ) but rather, cross-sections with a massless incident pion. 
Let us explicitly write the dependence of the partial wave amplitudes 771^) on 

the masses of the initial and hnal pions. Then the correct amplitudes to be used in (|4.48|) 
would be 0, 0). Unfortunately, no unitarity bound can be written for the absolute 

value of this amplitude. To see this, we write the inequality (^4.41|) keeping explicit the pion 
mass dependence 




(4.49) 


The quantities on the two sides of this inequality are different and thus no useful information 
can be extracted about them. We will use nevertheless the physical on-shell partial waves 
in ( |4.48| ), as the pion mass effects can be expected to be less important in the high-energy 
region where this relation will be applied. 

At low energies we will use the lowest order chiral perturbation theory result obtained 
from an evaluation of the graphs in Fig.l. Performing a partial wave decomposition we hnd 
that only the / = 0,1 waves are present at this order. Furthermore, there is no spin-flip, 
which gives /;+ = /;_ = fi. We obtain 


fn 

4/^ 


-Ejj- — A -1- iFg/2 F/jr — A -|- fFg/2^ 




/r 

al 


Ipt. 


(4.50) 

(4.51) 

(4.52) 

(4.53) 


2/2'""' -U^-A + zF6/2 
From these expressions one can compute the pion energy (U^)maa; = A|^^ at which the 
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unitarity bound ([4.43|) is reached in each channel. We obtain = 345 MeV, = 449 
MeV, A^^^^ = 477.8 MeV and Ap'^^^ = 1189.5 MeV. We used in (f4.51|,[4.53l) the same values 
for A and g 2 as in our previous estimates. We will consider in the following these values as 
marking the limits of validity of chiral perturbation theory in each channel. 

We can compute now the contributions to the right-hand side of the AW sum rule for 
each channel, following the prescription outlined above. 

a) I = 1/2, S-waye. Below the unitarity limit we insert the yPT results for the 

cross-sections ([4.26| , ^^M|) into the AW sum rule. We obtain 

f2 
J TT 


r(V2) _ 

-'Si - 


P du 

^ / —aop-T ^ (7rT)i/2)s = 0.156 . 

TT Jm-r: V 

Above we use the unitarity limit ([4.43|) 

dv 87r 


(4.54) 


.(1/2) ^ h 

“ TT V 3(i/2 — ml) 


= 0 . 212 . 


(4.55) 


Adding these two contribution we obtain an upper limit on the contribution of this channel 
to the AW sum rule 


^ ja/2) ^ ja/2) < g_3gg _ 


(4.56) 


b) I = 1/2^ P-wave. The contribution of this channel to the AW sum rule can be split 
up as in the previous case into two terms. The low-energy part contains contributions from 
the both possible hnal states (ttS) and (ttG) 

f2 Ay 

= — I — (cro(7r“T ^ (7rT)i/2)p -F cro(7r“T ^ (7rS')i/2)p) (4.57) 

TT JrriTr V ^ ' 

= ^gl + 0.072 + 0.001 = ^gl + 0.073 . 

The contribution of the 1-body state with a sextet s-wave baryon has been extracted explic¬ 
itly, as discussed above (see the paragraph following Eq. (|4.28|) ). Above Pjr = Ap^^^ we use 
again the unitarity limit 

f2 1-00 r]u StT 


.( 1 / 2 ) ^ 

~ TT V '"Sp'^ — ml) 


du 

— 3- 


= 0.362. 


(4.58) 
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Taking the sum gives 


/r’=hr+/r’< +0,435 


(4.59) 


c) / = 3/2, S'-wave. For the 1 = 3/2 channel we include, as discussed above, only the 
contribution of the low-energy region, so as to maximize the integral appearing in the AW 
sum rule. The S'-wave contributes 

v(3/2) 


.(3/2) _ f: 

''•S’ ~ ~ , 

TT Jm 


2 Ay 

J ^ — (^^o(7r“T ^ (vrT)3/2)5 - (To{7r^T (7rT)3/2)s) = -0.089. (4.60) 


d) I = 3/2, P-wave. This channel receives signihcant contributions only from the (ttS) 
hnal states 

ji3/2) ^ _ UoiTT-r ^ (7rT)3/2)p " ao(7r+T ^ (7rT)3/2)p) = -0.039. (4.61) 

The states (ttG) give a very small contribution, of —0.0004. 

The quantity on the l.h.s. of the bound ( |4.56|) includes, just as in ( |4.57|) , also contribu¬ 
tions from 1-body states. These states are heavy baryons which can decay to the s-wave 3 
baryon by S'-wave pion emission. Their contribution to the sum rule has been given in ( [4.91) . 
Combining ([4.9|) with the limit ([4.56| ) gives the constraint 

1 


-hg -|- hg -|- (S-wave, 1=1/2 continuum) < 0.368 . 


(4.62) 


Taken alone, this inequality tells us absolutely nothing about the couplings hj, and hg. 
To do so, it must be supplemented with additional information about the continuum. For 
example, assuming that the continuum contribution is positive, ( [4.62|) gives an upper bound 
on these coupling^. Experience with the lowest order yPT results shows that this is very 
likely the case. 


similar reasoning applied to pion-heavy meson scattering gives the inequality I? -|- (S-wave, 
1=1/2 continuum) < 0.368 (with the notations of [^). In this case however we can invoke large-Ac 
arguments to argue that the continuum is suppressed. 
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A similar prediction can be made about the P-wave 1 = 1/2 channel. The relation (|4.59|) 


limits the contribution of this channel to the sum rule. 


4'/'^ <^<72'+ 0.396. 


(4.63) 


The only bound states (besides the s-wave 6 whose contribution is made explicit) contribut¬ 
ing in this channel are radial excitations of s-wave baryons. The expression ( [4.63[) gives an 
upper bound on their contribution plus continuum to the sum rule. Note, however, that 
in contrast to the bound ([4.62|) which is parameter-free, the numerical bound in (|4.63|) has 
been obtained with the quark model value for g 2 . 

Unfortunately, not much can be said with the help of these methods about the D-wave 
contributions to the sum rule. We do not have any control over the low energy behaviour of 
these partial waves, which would require a next-to-leading calculation in chiral perturbation 
theory. Also, the use of unitarity for the high-energy region gives an upper bound which is 
too large to be useful. 


V. CONSTITUENT QUARK MODEL PREDICTIONS FOR STRONG DECAYS 

OF HEAVY BARYONS 


So far everything has been completely general and the sum rules (|4.9|) and (|4.14| - |07|) are 
model-independent. We specialize now to the case of the constituent quark model, where 
some of the couplings are related. For example, the couplings of the s-wave baryons are 
given in the quark model by 0 


9i = -^9A: 


\92\ y ^9a 


(5.1) 


with qa — 0.75 the constituent pion-quark coupling. The strong and electromagnetic decays 
of the charmed baryons have been also studied in the quark model with SU(6) symmetry in 


We will show in the following that the S-wave couplings of the p-wave baryons are also 
related in the quark model as 
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— Hq — h'j — 0 . 


(5.2) 


1 ^ 

|/l4 


2 


|/l2 


\hA 


1 

2 ’ 


One possible way of deriving these relations is by comparing the matrix elements of the 
axial current between s-wave and p-wave baryons computed in two different ways. First, the 
axial vector current in the effective theory is given by the Noether theorem. To the lowest 
order in the pion held, it is given by the coefficient of in the interaction 

Lagrangian. For (|3.1| ) this gives 

= h2eijkS^’‘v^t1jRl + hgtr (B^v^RU) + h4tr (5.3) 

+ hti {SyVyt^'E!^) + + hjeijkSliVf,tfjVl" + pion terms. 


We denoted here = A“/2, the generators of the diagonal havor SU(3) group. One can see 
that only the matrix elements of the p = 0 component are nonvanishing in the hadron rest 
frame. 

On the other hand, the matrix elements of Jq can be computed between the corresponding 
constituent quark model states. In the nonrelativistic limit, the matrix element of can 
be written as 


{f\djo75u\i) = (/I 


a ■ p a ■ p 


+ 


\i), 


(5.4) 


2mu 2md 

where are the constituent quark masses, assumed for simplicity equal in the following. 

The a matrices act only on the spin of the quark changing its flavor u —>■ d. 

The relations in (|5.2|) are obtained from considering the following matrix elements in the 
limit g —> 0 


(S° t M7 o75m|A+i(^) T) = -h2 

(5.5) 

{At T M7o75w|S++(^) T) = h 

(5.6) 

(S+TM7o75«|S++(^)r) = -^/^4. 

(5.7) 


One expects these matrix elements to be related in the quark model, as the baryon states 
on the l.h.s. have the same orbital wavefunction (as do the baryons on the r.h.s.). The flavor- 
spin wavefunctions of the baryon states shown are given in the Appendix. The p-wave states 
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are represented as linear combinations of basis vectors \c{mQ)L{mi)q{mi)q{m 2 )) with mg 
the 2 ;-projection of the heavy quark spin, mi the projection of the total orbital angular 
momentum and mi ^2 the projections of the light quarks’ spins. The operators in (|5.4|) can 
be written in terms of spin-raising, spin-lowering operators and <73 as 

a ■ p= V2a+p_ - a/2(T_p+ -F a^p^ (5.8) 


where (p_,p 2 ,p_|_) form the components of a J = 1 spherical tensor. The matrix element 
( b.4D can be then simply evaluated with the help of the Wigner-Eckart theorem. Using the 
wavefunctions (|All-|A 6 |) one obtains 


{Ep|ff.p1A+(i) T) = -y|/p 
(A„+t|o'-p1Soy(t)t) = -V2/s 
(E+t |3-SEoy(t) T) = -^/s. 


(5.9) 

(5.10) 

(5.11) 


with Is an unknown reduced matrix element. Comparing these relations with ( ^.5| - ^.7|) gives 
immediately the hrst two relations (|5.2| ). The other relations in (|5.2|) can be obtained in an 
analogous way with the help of the quark model wavefunctions in Appendix. 

Similar relations can be derived in the quark model among the D-wave amplitudes pro¬ 
duced by the interaction Lagrangian (|3.3|) , for which we obtain 

|hii| 


l/^-sl = l^gl = \h 


101 


\h 


101 


= V 2 , 


h^2 — hi3 — h^A — — 0. 


il5 


(5.12) 


The derivation proceeds analogously as in the case of (|5.2|) . The Noether axial current 
associated with the terms ( p.3|) in the chiral Lagrangian is given by (up to terms containing 
pion helds) 


j; = + \v,v ■ (5-13) 

- ihgtr 

- - hn {e“^"^a,tr [SXX^^]vx} 

- ihutr -h ‘^Vf.v ■ 
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•] + -V ■ dK%v^ 

- 2ihudAniX%] - h,e,„ {e“^^dAS^ttjXl]v, + aASi%X'X]vx} . 

For this case it is the matrix elements of the space components of J“ which are nonvanishing. 
In the quark model they can be expressed as 

(/MY 75 MN) ^ = {fy\i) + ^{fW\q- ^ + r\q ■ a) - ‘^q\a ■ ^\i) (5.14) 

+ higher multipoles, 

where q denotes the momentum of the current. The hrst term vanishes as i and / have 
different orbital angular momenta. The second one is nonvanishing and will produce the 
terms proportional to the D-wave couplings in (^.13|) . From ( b.l3|) we read off the following 
expressions for a few typical matrix elements 


(7(1). +l|9Vy“|AS(|), +1) = ^hAql + ql - 2,|) 

( 7 ( 5 ). + 5 l?V;-“|Ey ( 1 ), +1) = + ql - 2ql) 




hw{ql + ql- 2ql) 




=fcii(9f + - 293 ) 


(6.16) 

(5.16) 

(6.17) 

(5.18) 


The quark model counterpart of these matrix elements can be computed by expressing 
them as (|5.14 ) and using the wavefunctions in the Appendix. We obtain 


(S°(l), (3)^ +3) = 3 ^ ^2 _ 2^2) 


^-* 2 iS++(?),+^) = 


Mql + ql-2ql) 


(S^(2)’+2l^'''^M 1 --CI V2^’ ' 2 ' 3^2' 

( a +( 7 ), +f) = + ql - H) 




(s:(l). +i|9vy“|E++(|), +i> = -^io{q^ + il - 2‘il) ■ 


(5.19) 

(5.20) 

(5.21) 

(5.22) 


J^) is the reduced matrix element of the J = 1 spherical tensor (r_, r^, r+). Comparing 
( b.l5| - |5.1^) with (|5.19| - p^) gives the relations ( b.l2|) between the D-wave couplings^. 


^Similar reductions in the number of couplings in the quark model have been obtained in |^| 
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The coupling constants of the symmetric p-wave baryons among themselves appearing 
in the Lagrangian ( |3.5| ) can be also estimated in the constituent quark model. We obtain 
(in units of qa) 



(5.23) 


The values taken by the couplings of the antisymmetric p-wave states (p.6|) in the con¬ 
stituent quark model are (also in units of qa) 



(5.24) 


Furthermore, all the couplings of the symmetric to the antisymmetric p-wave states 
vanish in the quark model. This is a consequence of symmetry mismatch. For s-wave 
and symmetric p-wave states, diquark states with symmetric (antisymmetric) flavor wave 
functions must have corresponding symmetric (antisymmetric) spin wave functions. This 
correlation is reversed for diquarks in the antisymmetric p-states. These opposite symmetry 
correlations lead to the vanishing of all coupling constants between the antisymmetric p- 
states and the s-wave and symmetric p-wave baryons. 


VI. PHENOMENOLOGICAL APPLICATIONS 


The sum rules presented in this paper can be used to provide model-independent con¬ 
straints on the pion couplings of the heavy baryons which will be have to be satished by 
model computations or phenomenological determinations. For example, the sum rule (|4.9|) 
gives the upper bound 



This inequality is satished by the SU(2) Skyrme model calculation of who hnd 


( 6 . 1 ) 






\g^\ = -^Ga - = 0.717 - 0.813 


( 6 . 2 ) 


V2 3^2^ 

with Ga = 1-25 the nucleon axial charge and g the BB*tt coupling. The numerical values 
shown correspond to the experimental bounds for g given in [^], g'^ = 0.09 — 0.5 (at 90% 
conhdence limit). The constituent quark model prediction (|5.1| ) 0 for g 2 = 0.612 (with 
gA = 0.75) satishes also o. saturating it in the limit gA ^ 

One can also derive an upper bound on the coupling gi from the AW sum rule ( [4.14|) . It 
can be made stronger by assuming that g 2 is known 

4 


2 ^ ^ ^2 

9l _ j g92 


( 6 . 3 ) 


The calculation of [p9 gives 


|< 7 i | = Ga --(7 = 1 . 014 - 1.150 


( 6 . 4 ) 


which satishes (|6.3D. The constituent quark model with gA = 0.75 predicts a somewhat 


smaller value l^fil = 1 ( b.l|) . 

The CLEO collaboration recently measured the masses and widths of the and 
baryons (for an earlier measurement of the masses of these states see |^^). They hnd 

(6.5) 

( 6 . 6 ) 


Aj.*++ = M^.++ - M^+ = 234.5 ± 1.36 MeV, r(S*++) = MeV 

Ae*o = Ms*o - M^+ = 232.6 ± 1.28 MeV, r(S*°) = 13.0^^:^® MeV. 


The mass of A+ is given by the Particle Data Group ||^ to be 


M^+ = 2284.9 ± 0.6 MeV . 


(6.7) 


Neglecting the radiative decay width associated with the decays S* —> Sc 7 , the total width 
of these states is given by 


r(s:++) = 


9l 


271 


Ip; = g^2{^7.971+\it) MeV 


^ bv 1^ = gl{m.2mt\\t) MeV. 


( 6 . 8 ) 

(6.9) 
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The CLEO data (| 6 .51 , 16.61) offer thus the possibility of extracting the coupling g 2 . From (| 6 . 8 |) 
we obtain the value \g 2 \ = 0.61llo;?o[ and from (|0|) \g 2 \ = O.SSOIq;!?®. Averaging these two 
values we obtain our hnal result 


\g2\ = 0 . 570 ^;;; 


+ 0.137 
159 ) 


( 6 . 10 ) 


which (especially the one following from (| 6 . 8 |) ) is in good agreement with the constituent 
quark model prediction \g 2 \ = 0.612. Similar determinations of g 2 have been presented 
recently in |]32| , |33| . Our result comes closer to the one in |]33[ . 


One can use (|6.10|) to predict the widths of the Sc baryons. The £t of gives the mass 
values 


A 5 ++ — Mj, + + — M^+ = 167.95 ± 0.25 MeV (6.11) 

A 50 = Mso - M^+ = 167.2 ± 0.4 MeV. (6.12) 


■ 1 qQq+1'114 

■ l.»Oy_Qg54 


These states are significantly narrower than their spin- 
their widths have not been yet measured. 

We present also predictions for the 1=1/2 spin-3/2 charmed baryons 5*° and 
■ has been only recently discovered ^ 5 . Their measured parameters 


. 9 |( 5 . 9691 S: 1 S) MeV 

3 in- 3/2 counterparts, 


which explains why 

The 


7*4 

~‘c 


latter 


. are 


Ms*o = M^+ + (178.2 ± 1.1) MeV, r(Sf) < 5.5 MeV [35] 


Ms*+ = Mso + (174.3 ± 1.1) MeV, r(S7) < 3.1 MeV p4 . 


(6.15) 

(6.16) 


The masses of the ground state 1=1/2 baryons are Mc+ = 2465.6 ± 1.4 MeV and M^o = 
2470.3± 1.8 MeV [^. We shall neglect the small admixture of SU(3) sextet into the ground 
states as the corresponding mixing angle is small, of the order of a few degrees 
Including both the charged and neutral pion channels we obtain 
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r(Sf) = ^ 2 ( 7.712 ± 0.436) MeV = 1.230 - 4.074 MeV 
r(S*+) = ^2(7.496 ± 0.446) MeV = 1.191 - 3.971 MeV, 


(6.17) 

(6.18) 


which are consistent with the bonnds ( |6.15|) and (|6.16| ). 

It is interesting to note that the difference of conplings on the l.h.s. of the polarized 
AW snm rnle ( [4.17|) vanishes when the constitnent qnark model relations (|5.1| ) are nsed; so 
does the r.h.s. of (^4.17| ) when the constitnent qnark model relations (|5.12| ) are inserted in 
this relation. If the qnark model relations ( b.l2| ) are not nsed, the snm rnle (|4.17|) can be 
employed to give a model-independent proof of the constitnent qnark model relations (^.1|) 
in the large-W limit. Recalling the scaling relations of the conplings discnssed in Sec.IV.B 
one can see that in the large-W limit the r.h.s. is snppressed by one power of l/W relative 
to the l.h.s.. 

It is, of conrse, a well-known fact that the predictions of the constitnent qnark model 
for low-lying s-wave baryon states become exact in the large-W limit What is new 

here is that the relation ( |4.17|) gives also the corrections to this resnlt, expressed in terms of 
conplings of the higher states. 

As a matter of fact, the snm rnle ( |4.17|) snggests that the qnark model relations (p.l| ) 
might work better than one wonld expect from large-W alone. First, only D-wave conplings 


appear in (|4.17|) , whose contribntions are snppressed by factors of A^/A^, with A the 


ex¬ 


citation energies of the p-wave states and A^ ~ 1 GeV the chiral symmetry breaking scale. 
An explicit calcnlation nsing the npper limit on hg determined below (|6.44 ) shows that the 
contribntion of the hg term on the r.h.s. of the snm rnle ( 4.17 ) is nnder 0.06. Second, 


the alternating signs of the terms on the r.h.s. of ( 4.17 ) conld enhance fnrther the above 
mentioned snppression. 

We can expect therefore the qnark model relation between gi and g 2 to be valid at the 
order of 10% or better. We obtain in this way the following prediction for gi 


|^7l|=2W||^;2| = 0.931^°:|™^ 


(6.19) 


The possibility of determining gi in this way is particnlarly welcome as the decay S* 


S.TT 
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is kinematically forbidden, making a direct extraction of gi impossible (for an alternative 
method see [p3| , ^ ). 

In contrast to gi and g 2 , the couplings of the p-wave baryons are not completely predicted 
by the simple constituent quark model. To do so, it must be supplemented with additional 
dynamical assumptions, which in turn will have to be used to determine the wavefunction of 
the constituent quarks. The AW sum rules discussed in this paper could be used to construct 
a model for the couplings of the p-wave states. Inserting the quark model relations (p.l|) 
and (|5.2|) into the sum rules (|4.9|) and ( |4.14D one common relation is obtained 


1 — 5'A + g^4 + P + 


( 6 . 20 ) 


This result demonstrates the consistency of the constituent quark model with the AW sum 
rules ( [4.9|) and (^4.14|) . Assuming saturation with the states shown in Table 1, this sum 
rule determines all the couplings of the p-wave baryons up to an additional free parameter, 
the ratio of the D-wave to S-wave couplings. In principle this ratio could be hxed with 
experimental input. 

We will use in the following a different approach, based on extracting the couplings h 2 
and hg of the lowest-lying p-wave baryons directly from experimental data. These could 
be subsequently used, together with the quark model relations (|5.2|) and (^.12|) , to predict 
the couplings of all the other symmetric p-wave baryons. The advantage of this approach 
consists in minimizing the number of necessary assumptions, reducing the model dependence 
to the application of the relations (|5.2|) and (|5.12|) . 

We will determine the allowed range of values for /12 and hg by using two different 
measurements. The first is the CLEO measurement of the A+(2593) width 


r(A+ (2593)) = 3.9+2;4 MeV . (6.21) 

The state A+(2593) is the = 1/2“ member of the = 1“ p-wave heavy quark 
doublet. Its general properties have been discussed already by Cho (see also [PPH ). 
It is known that it decays predominantly in the two-pion mode, which is enhanced by 
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resonant effects dne to the proximity of the Sc pole. These theoretical expectations have 
been conhrmed by experiment 

The decay rate for the process A+(2593) —>• A+7r’''7r“ has been computed in |^. To 
lowest order in chiral perturbation theory and in the heavy mass limit it is given by 

dr(A+( 2593 ) ^ A>+(Ei) 7 r-(E 2 )) 


qI 




dEidE2 

{P 2 VP + Pi VP + 2 - Pi ■ P 2 ]Re {AB*)} 


with 


A{E,,E2) = 


^2-^1 


IhsPi 


An — A^o — El + iT'so/ 2 An — As*o — Ei + iTji*o/2 

2/18 -Pi ■P2\ 


An ^2*++ E2 + iTj.*++/2 
B{Ei, E 2 ] A^(.)o, A^(*)++) = A{E2, El] A^(*)++, A^(.)o) 


The boundaries of the Dalitz plot for these decays are given by 

^TT ) 


M2 - 2M^+m^ - M2 

{ JP \ _ ^cl 

)max 


2M 






2) min,max — 


{El - M^+ )(M2 + 2m2 - 2M^+ Ei-Ml^)±^ 

cl ^'•cl 

• 2 mA* El-Ml, - mi) 


with 


( 6 . 22 ) 


(6.23) 


(6.24) 


(6.25) 


A = (Ei - mi)[(MU - 2M„, Ei - Ml,Y - iMlymi]. 

cl Cl c c 


(6.26) 


The boundaries of the Dalitz plots for the two-pion decays of the Ap^ states are shown in 
Fig.2. In the limit when the energy release An is much smaller than the mass of the decaying 
baryon Ma+ the phase space degenerates to the line E 1 +E 2 = An and the decay rate reduces 

^cl 

to the expression originally derived in (we included here also the contribution of the 
D-wave couplings which was neglected in ||12|| ) 


dr(A+( 2593 ) ^ At 7 r+{Ei) 7 r-{E 2 )) gl / M^+ 


dEi 


8713/4 I 


iJ(Ei - mi)(El - ml) 


(6.27) 
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X 


hi 


El{El-ml) 


+ 


El{El-ml) 


(A^ - Aso - Ei)2 + lr|o (Ah - As++- ^2)2 + lr2 


+ ^hl{El-ml){El-ml) 


El — m? 


(A_r — 


,*++ 


E,Y + 


+ 


El - ml 


* + + 


(Ah - As*o - E,Y + ir|.o 


We denoted by A, the excitation energies of the respective states with respect to A+. We 


will use in our analysis below the value [K 


Ah = M^+ - M^+ = 308.6 ± 0.8 MeV. 


The widths in the propagator denominators are given by 

9l 


(6.28) 


r^(*) = 




(6.29) 


27r/2M^(*) 

The rate for A+(2593) —> A+tt^tt^ is given by formulas identical to (|6.22| , |6.27D with an 
additional factor of 1/2 due to the identity of the pions in the hnal state. In addition, the 
substitutions 


A^(*)++, A^(*)o —>■ A^ (*)+ (6.30) 

have to be made. We will use in our calculations the following numerical values 

^s+ = ^s+ - ^A+ = 168.5 ± 0.7 MeV [31] (6.31) 

Aj,*+ = Ms*+ - M^+ = 233.5+1^ MeV. (6.32) 

The state has not yet been observed so we will use for its mass the average of its two 
isospin partners (|6.5| , |6.6D . 

The second experimental input we will use is an upper bound on the width of A/l( 2625) 
obtained also by CLEO 0 

r(A+ (2625)) < 1.9 MeV. (6.33) 

A+(2625) is the spin-3/2 heavy quark symmetry partner of A+(2593). To leading order in 
the heavy mass expansion, the two-pion decay rate of this state is given by 
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dr(A+(2625) ^ A>+(Ei)7r-(E2)) 


di?ldi?2 


(6.34) 


9l 


IGvr^/^ 


X 


+ P2 + 2[EiE2 - Pi ■ p2]Re {CE*) + [pA V 2 ' - (^ 1^2 - Pi ■ P2f] 
Pi 2|D|2 + P 2 2|F|2 - Re (CF*) + Re {DE*) + 2(FiF2 - pi ■ p 2 )Re (FF*)] } 


with 


F(Fi, F 2 ) — (^2E2 — -hsP2 


J^2 ~t~ ^r^*++^2 
1 


(6.35) 


+ ^hs{E,E2 Pi ■ P 2 ) ^ + Aij, - As.o - Fi + zrs.o/2) 

F(Fi,F 2 ) = -hs (“A^. _Aso-Fi+zrso/2 + 

F(Fi , E 2 ] A^(*)o, A^(*)++) — C{E2, El] A^(*)++, A^(*)o) , (6.37) 

F(Fi, E 2 ] A^(*)o, A^(*)++) = —F(F2, Fi; A^(*)++, A^(*)o) . (6.38) 

In analogy to the previous case, this decay rate simplifies in the heavy mass limit and is 
given by 

dr(A+(2625) ^ A>+(Fi)7r-(F2)) gl ( 


dFi 


X < ho 


87r3/4 \M^+ 

EIp2^ 


\Pl I \P2 


+ 


(6.39) 


2W 2 


E^Pi 


(Ai^* - As*o - Elf + ir|.o {^R* - A.*++ - E2f + ir2 


-^hlpi‘^P2^ 


Pi 


+ 


(Ar* - Aso - Elf + lr|o (Ak* - As*o - Elf + ir|.o 


+P2 


+ 


(Ai^* - A^++ - E2f + (Ai^* - A^*++ - E2f + |r2 

The rate for the neutral pions channel can again be obtained by adding a symmetry factor 
1/2 and making the substitutions ( p.30|) in this formula. The excitation energy of this state 

is 


Ar* = Mr+ (3) - Mr+ = 341.5 ± 0.8 MeV. 


(6.40) 


We will assume the widths of the two A/"^ baryons to be dominated by their two-pion 
decay modes and neglect the contribution of the multipion and radiative A/“]^ —>■ A+y modes. 
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The latter approximation is supported by model computations of the partial width for this 
mode ^ which gave the small values r(A+ (2593) ^ A+y) = 0.016 MeV and r(A+ (2625) —>• 
A+y) = 0.021 MeV. 

The total widths of the A^j^ states obtained by integrating ( p.22| ) and ( |6.34| ) (including 


also the channel) can be represented, for given g 2 , as two ellipses in the {h 2 , hg) plane. 
For example, the decay widths of the two A^^ states are given, for the central values of g 2 
and hadron masses, by 


r(A+ (2593)) = 11.902h^ + 13.817^2 - 0M2h2hs (MeV) 
r(A+ (2625)) = 0.518^2 + (0.148 ■ 10®)h^ - 5.229h2hs (MeV) 


(6.41) 

(6.42) 


The constraints on {h 2 , hg) are plotted in Fig.3 for the interval of values for g 2 ( |6.10|) . At 
the scale of the plot the two ellipses appear very elongated, the vertical lines corresponding 
to the limits on F(A+(2593)) in ( |6.21| ) and the horizontal line giving an upper bound on Ihgl 
arising from (|6.33|). From Fig.3 we read off the following values 


\h2\ = 0.572+°; 


322 

197 


Ihsl < (3.50 - 3.68) ■ 10“° MeV 


T-l 


(6.43) 

(6.44) 


The errors shown are mainly due to the uncertainties in the masses (as the resonant decay 
A+^ —> ScTT takes place very close to threshold) and in the total widths of A+]^(2593) and 
A+2(2625). The error due to the unknown relative sign of h 2 and hg arising from the last 
terms in ( |6.41| , |6.42D is negligible. The upper bound on the ratio hg/h 2 < 10“^ MeV“^ is 
one order of magnitude above the naive dimensional analysis estimate hg/h 2 — l/Aj^- ~ 
10“° MeV“°. The analogous couplings in the strange hyperons’ system have been used in 
to obtain an estimate for the charm case. Their results |/i 2 | = 0.54, \ hg\ = 0.55/A^ 


are compatible with the values (|6.43| , |6.4^ and suggest that the upper bound ( |6.44| ) on hg 
overestimates the real value of this coupling by a factor of 10. For illustration we quote also 
the values of the couplings obtained when the simplified formulas ( |6.27| ) and ( |6.39|) are used 
instead of (|6.22|) and (|6.34|) : ^2 = 0.553lo;°9°, |hg| < 3.63 ■ 10“° MeV“h 
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Our results show that the width of the A^^(2625) state is possibly dominated by the 
D-wave term proportional to h\ which can become resonant. The S-wave contribution 
proportional to to the width accounts for 0.096-0.250 MeV of the total. 

In Fig.4 we show the allowed region for the couplings in the {g 2 , ^ 2 ) plane, together with 
the constraints imposed by the model-independent AW sum rule ( |4.15|) 

l>gl + hi (6.45) 

and the constituent quark model version (|6.20|) of the AW sum rule 

1 > -gl + 2^2 • (6.46) 


We neglected the contribution of the D-wave couplings on the r.h.s. of these sum rules. 

The inequality (|6.45|) is satished for all values of the {g 2 , ^ 2 ) parameters by the constraint 
on the width of A^i(2593). On the other hand the constituent quark sum rule (|6.46|) is more 
restrictive. It favors smaller values for h 2 . \h 2 \ = 0.375 — 0.705. 

We can use the extracted values for h 2 and hg (|6.43|J6.4^) to compute the resonant 
branching ratios of the A^i(2593) baryon. These quantities have been measured by the 
CLEO and E687 collaborations The CLEO results are 


/s++ - 
/sp = 


i?fl(A+(2593)^S++7r-) 
5i?(A+(2593) ^ A+tt+tt-) 
Bi?(A+(2593) ^ 


= 0.36 ±0.13 


= 0.42 ±0.13 


(6.47) 

(6.48) 


B7?(A+(2593) ^ A+tt+tt-) 

whereas the E687 collaboration only quotes the total resonant branching ratio cum- 

mulated over the type of Sc 

^ \ = 0.90 ± 0.25 (> 51% at the 90% conhdence level). (6.49) 

5i?(A+(2593) ^ A+tt+tt-) ^ j \ j 

The experimental procedure for determining the resonant branching fractions (|6.47 , |08 ) 

is based on measuring the ratio 

5i?(A+ (2593) ^ ScTT^) 


/sc — 


'Y _ Y 

■^Ticvegion ^ 


sideband 


57?(A+(2593) ^A+tt+tt-) 


17 


(6.50) 


total 
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Here Y-^^region IS the number of events for which the invariant mass of a pion and the A+ 
is within ±4 MeV from the mass of the corresponding state. Ygideband is the number of 
events for which Ei (the energy of the positively charged pion) is contained in the sidebands 
(150.7, 155.1) MeV for a and (153.7, 158.1) MeV for a S++ (for the E687 experiment 
EH)- These sidebands are introduced to eliminate the background and have been chosen 


such that (16.501) vanishes for a completely nonresonant process. 

We do not know the sideband parameters for the CLEO experiment so we will neglect 
Ysideband in (|6.50|) . We obtain with the help of the theoretical expression (|6.27|) 


£ _ n 079+0.055 

' ^- 0.074 5 


/so = 0.512/^: 


+ 0.054 
061 


(6.51) 


for the individual branching fractions. For the cummulated branching fraction we use the 
E687 sideband parameters quoted above to obtain 


/e. = 0.860/ 


+ 0.085 
0.086 • 


(6.52) 


These values (except /^o which is off by la) are in good agreement with the experimental 
data ( |6.47| - |6.49|) . The errors in ( |6.51| - |6.5^) depend almost exclusively on g 2 and the hadron 
masses and are insensitive to the precise value of / 12 . This is due to the negligibly small 
contribution made by the term proportional to hg to the total rate of A/i(2593). 

As mentioned previously, our results ( |6.43| , |04D can be used in conjunction with the 
quark model relations (|5.2|J5.12|) to predict the couplings of all symmetric p-wave baryons. 
Unfortunately, except for model calculations P,pT[|, the masses of these states are not yet 
known. Eventually they will be measured experimentally. For the time being we will limit 
ourselves to illustrating this application by using the results of the model calculation 0 for 
the baryon masses. 

The next excitations above A)/ are expected to be the Eco(^) baryons, which have the 
light degrees of freedom in a = 0“ state. Their excitation energy is estimated to be 0 


A{/ = My 


Mj^+ ~ 500 MeV . 


(6.53) 
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This state can decay directly to A+in an S-wave with a width 


r(s++)= 


hi A^aJ 


I jr y + + 

^ ^cO 


E^\p^ 


2vr/2M, 

Using the quark model relation l^sl = A/3|h2| ( |5.2|) together with the value 
obtainj] 


r(S++) ~ h^(2.066) GeV = GeV 


(6.54) 
for h 2 we 

(6.55) 


This state is so broad that it might be very difficult to observe it. 

The next symmetric baryons are Ed, represented by the superfield V in (|3.1| ). Their 
dominant decay mode is expected to be, as in the case of Ad, into two pions. The decay 

cl 

dr(E++(5) ^ 


rate of the ^ 


ffl 


327r3/; 


dEidE2 

-My {p 2^\A\^ + Pi^\B\^ + 2[E,E2 - Pi ■ P2]Re {AB*)} 


(6.56) 


with 


A{E,,E2) = 


h/^Ei 


\h 9 P 1 ' 


Ay — Aja+ — El + iV JA+ /2 Ay — Aja*+ — El + iV /2 

2h9[T;iT;2 -pi ■P 2 ] 


Ay — Aja*++ — E 2 + irjAt++/2 

B{Ei^ E 2 ] A^(*)+, A^(*)++) = —A{E2, El, A^(*)++, A^(*)+). 


(6.57) 


(6.58) 


The decay rates for the isospin partners of Ed"*" are related as r(Ed^’'"^’° —> A+tt^tt^*") = 
r(Ed^^ ^ A+7r’''7r“). The decay Ed^"*" —>• A+7r°7r° is forbidden in the limit of exact isospin 
symmetry, due to the fact that the two neutral pions cannot have isospin 1. 

The decay rate of the Ed^^(|) state is given by a formula analogous to ( |6.34|) 


^This estimate for /13 is compatible, within its error bounds, with the unitarity bound (4.62) 
|/i3| < 0.858. 
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(6.59) 


dr(s 


++ 

cl 


AJ’r+(S.)ir”(B2)) 


(iEi(iE2 


92 


327r3/; 


:^A+ {pAC\" +P2"\E\^ + 2 [E,E 2 - Pi ■ P2]Re {CE*) + \pi V2 ' - (^1^2 - Pi ■ P2?] 


X Pi 2 |D |2 + p2^\E\^ - Re (CE*) + Re (DE*) + 2 {EiE 2 - pi ■ P2)Re (DF*)] } 


with 


C{Ei,E2) = -(h,E2-hgp2^^ 


^ ^ * “t" ^ E^2 I ^ h ^ *++ j 2 

1 2 


(6.60) 


+ 


+ ^h9(FiF2 Pi-^ 2 ) ' Ay.-As*+-Fi+irs*+/2y 

F(Fi,F 2 ) = -hg ^ Ay. - Aj..+ -Fi+^rs.+ /2) 

F(Fi, F 2 ; “ ~C{E2, El, A^(.)++, A^(.)+), (6.62) 

F(Fi 7 ^2^ ^^^(.)+7 —I") E(^E2, El, zX^(.)-j—}-, z\^(.)+). (6.63) 


In addition to s-wave sextet baryons, the Sco can appear also in the intermediate state. 
The contribntion of these diagrams can be expected to be snppressed dne to the large width 
of these states. Neglecting them we obtain (for the central valnes of §2 and masses) 

r(Eci(^)) = 81.3/1^ + (1.4 ■ 10®)h2 - 33.4/14/19 (MeV) = 106.41^^^7'^ MeV (6.64) 

r(S,i(^)) = 72.3hl + (2.5 ■ 10^)hl + 617.7hihg (MeV) = 94.7l^fo® MeV (6.65) 

for Ay(.) = 465.1 MeV (corresponding to = 2750 MeV) and 

r(S,i(^)) = 65.5hl + (5.1 ■ 10^)hl - 87.1/14/^9 (MeV) = 85.8™^ MeV (6.66) 

r(Eci(^)) = I32.5hl + (4.7 ■ 10^)hl + 1765.2/14/19 (MeV) = 173.41250^1 MeV (6.67) 

for A4/(.) = 515.1 MeV (corresponding to = 2800 MeV) respectively p. In the last 
eqnality the quark model relations \hi\ = 2|/i2| and \hg\ = \hs\ have been used together 
with (|6.43| , |6~44D . The terms proportional to hg have been neglected, as they are of the order 
of a few MeV. These states appear to be considerably broader than Al^ due to the larger 
available phase space. 
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On the other hand, the Sc 2 baryons have only D-wave couplings. Their dominant decay 


mode is expected to be two-body decay to A+7r+ 


( 6 . 68 ) 


where we used = 2800 MeV and the naive dimensional analysis estimate |hio| = 
0.4 • 10“^ MeV“^. In addition to this mode, the Sc 2 baryons can also decay to The 

corresponding partial widths are 


r(E++(|)^Eji+) + r(E++(|) 

r(E++(5)^E+7r+) + r(E++(|) 


h\l Myf 


TT ' = 


srvr^ 


lOvr/2 M, 

11 "'"E 


y++ 

^c2 


Iptt + 


^11 My* + 


Ip.I' (6.69) 


2h?i My+ 


457r/2 M, 




\Pn 1^ + 


1071/2 
7h?i My*+ 

A^2Tr^\P^\ ( 6 - 70 ) 

4571/2 M^++ 


and identical formulas for the E(*)+’''7 i° hnal states. Adding together the contributions of 
all possible hnal states we obtain 


r(S^ 2 ^( 2 ) ^ = (9.86 ■ ~ 3.16 MeV 

^ = (6-88 ■ l0-^)hl^ ~ 2.20 MeV, 


(6.71) 

(6.72) 


where we used the quark model relation = 2h.^Q and the above-mentioned dimensional 
analysis estimate for hiQ. It must be mentioned that even a small mixing of Ec 2 (|) with the 
broader Eci(|) could enhance its decay width. 

The most surprising prediction concerns the remarkable stability of the antisymmetric 
p-wave states A(.q, A(,]^, A(, 2 . The quark model predicts that these states do not decay 
directly to s-wave baryons (see (|5.2|)), nor can they decay through pole-mediated processes, 
with a symmetric p-wave state in the intermediate state, as the two states do not couple to 
each other. 

The corrections to this result come from including in the quark model terms describing 
the pion coupling to two constituent quarks simultaneously. Although these terms are 
formally of order 1/A7 compared to the one-quark terms, their suppression can be overcome 


as they can act coherently on the low-spin states |21,42]. However, a £t performed to 
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the strong decay amplitudes of the light p-wave baryons [Q showed that, contrary to the 
naive large-arguments, the two-quark operators turn out to be relatively unimportant. 
Presumably a similar situation will hold true for the heavy p-wave baryons, in which case 
neglecting these terms can be considered to be a good approximation. 

Additional corrections to these results can be expected from the fact that in general, 
states with identical quantum numbers can mix. This could be an important effect with the 
close pairs of states (Sci(|), and (Eci(|), S'^;^(|)), which can mix even in the heavy 

mass limit. On the other hand, mixing between states belonging to heavy quark doublets 
with different values for the quantum numbers of the light degrees of freedom is a l/rriQ 
effect. Still, experimental evidence of mixing in the system of charmed p-wave mesons 
shows that such l/mq effects can be signihcant in the case of the charm heavy quark. 

Another possible decay mode for the antisymmetric p-wave baryons is to the channels 
[ND] and [ND*]. The threshold for the hrst one is at 2810 MeV and for the second one at 
2950 MeV. Quark model calculations P,pT| suggest that the p-wave baryons must be lighter 
than 3 GeV with some of the states lying above these thresholds such that these modes may 
well turn out to be signihcant. Unfortunately, at the present time it is not possible to treat 
these processes in a chiral perturbation theory framework, as done in the pion decay case. 
There are, nevertheless, a few mo del-independent predictions which can be made about 
these decays, following . 


The dominant decays can be expected to be (if kinematically allowed) 



, [iVD*]5 

(6.73) 


[ND]s, [ND*]s 

(6.74) 


[ND*]s, 

(6.75) 


which can proceed by S-waves. The decay A(. 2 (|) —> [VZ1*]5, although allowed by angular 
momentum and parity conservation, is forbidden in the heavy mass limit. 

Heavy quark symmetry predicts the following typical decay rate ratios 
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(6.76) 


r(Aui) ^ [iVB]s): r(A:,(i) 

r(A'i(i) - lND]s) : r(A;i(i) 
3 1 

r(A;,(i) ^ i/vc]d) : r(A'i(i) 

= 0:l:2:5 

8 8 

r(A'2(|) ^ 1 /VD]d) : r(A'2(|) 
_ 5 _ 11 _ 5 19 

“ 8 ■ y ■ 12 ■ 12' 


[ND*]s) = 1:3 

^ lND’]s) : r(A;i(|) ^ |/VZ)]s) : r(A'i(|) ^ |/VD*]s) 

(6.77) 

^ |]VD*]d) : r(A'i(|) ^ lAfDIo) : r(A',(|) ^ |]Vr>*]B) 

(6.78) 

^ |/V£>*]d) : r(A'2(|) ^ INDM : r(A;2(5) ^ |Af£>*]c) 

(6.79) 


Kinematical effects such as mass splittings within the heavy quark symmetry doublets and 
mixings among different states will certainly modify these results. After accounting for these 
corrections, the width ratios ( |6.76H6.7^) can be expected to be useful in identifying the heavy 
quark symmetry assignments of these states. 


VII. CONCLUSIONS 

In this paper we have made a systematic study of the strong interactions of the s- and 
p-wave baryons containing a heavy quark. The dynamics of these baryons are very rich. 
The richness is reflected by the large number of multiplets (2 for s-wave and 8 for p-wave), 
and the large number of coupling constants necessary to describe all the interactions. We 
have found that the constituent quark model in conjunction with the Adler-Weisberger sum 
rules provides a powerful tool to handle the system. The quark model reduces the number 
of coupling constants from 46 to 3 which are further constrained by a AW sum rule. One of 
the three parameters is the axial vector coupling qa for the single quark transition u ^ d. 
If we assume that qa is independent of the light quark environment, then its value is known 
to be qa = 0.75 from the nucleon beta decay. The recent data on charmed baryons from 
Fermilab and CLEO are consistent with this value of qa and give strong constraints on the 
other two unknowns as discussed in Section VI. 
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Through the common value of qa the single coupling constant which is needed to describe 
the s-wave heavy mesons is related to many of the coupling constants in the heavy baryons. 
The choice of qa = 0.75 gives a satisfactory rendition of the branching ratios of D* [Q] and 
the decay widths of the charmed baryons as we have seen in the last Section. However, this 
value of Qa implies a value for the DD*7r coupling constant g to be order of 0.7 which 


is much larger than the values around 0.3 obtained by other approaches such as QCD sum 
rules (see the references cited in |^). It is therefore of great importance to measure the 
width of D* to give a direct measurement of g. It will also conhrm or reject the hypothesis 
of environmental independence of gA- 

By heavy quark symmetry the bottom baryons are described by the same interactions and 
the same coupling constants as those studied in this paper. In fact, heavy quark symmetry 
should work even better for the heavier bottom baryons. With more forthcoming data 
on charmed baryons from Fermilab (FOCUS) and CLEO and a wealth of data on bottom 
baryons expected from LEP and the B factories under construction in a few years, we hope 
that many of our predictions will be tested experimentally in the near future. 
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APPENDIX A: QUARK MODEL WAVEFUNCTIONS FOR HEAVY BARYONS 


|A: T) = |C T)^(l Tl) - I lT))^(|t«i) - \dn)) (Al) 

t> = (Jllc 1)1 TT> - ^|c r)(l ti) + I it)) j ^(l«<i) + I*)) (A2) 

For the p-wave baryons our phase convention corresponds to combining the total spin 
S' = Si + S 2 with the orbital momentum L in the order S ^ L. 
p-wave (symmetric) 

|AS(i).+i) = {\[l\L{+l)c i) - ^|i(0)c T))^(l ti) - I iT»^(if<i) - I*)) (A3) 

|AS(|). +i) = (^|c i L(+l)> + y||c T L(0))) Y(| n) _ I |T))U(|u<i) - \du)) (A4) 

|sy (i). +i> = T) (|i(+l)« i « i) - ^|i(0)« t u i) (AS) 


- i “ t) + \L{-^)u t u t)j 

+^) = ^ ^(+1)) (|w t w i) + |w i w t)) + ^|c i L{0)u tut) (A6 

+ ^|c T L{+l)u ini)- ^|c t L(-l)n t n j) 

|SoV(|).+i) = i) l|i(0)« t « t> - U|L(+1))(|„, t I) + |„, I „ |))j (A7 

+ ;^|c T> (|i(-l)“ T M T> - |i( + l)u i U i)) 

|S.V( 5 ),+i> = k i) U^\mn r « T) + ^|i(+l))(i« T « 1) A \n I u T))j (A8 
—U|c 1 ) (|L(_i)t, t tl T) + V2|i(0))(|ti T ti i) + |ti i ti t)) + |L(+l)ti I u D) 

p-wave (antisymmetric) 

iFr(i).+i)= (\/|in+i)<ti)-^ii(o)cT>j ■^(kT«i)-it,.it,.t)) (A9 

Q 1 / /T [o \ 1 

Iv'++/' 'i i \— . /'Ain 


( 2 ). + 2 ) = V 3V 3T) ■ ^(|n t n i) - In i n t)) (AlO) 
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|s:{(i).+i> = ^|c t> {|i(-i)>(i« r s t) - Is r«t)) 

-;^|i(0))(l« T s 1> - |s T « 1> + 1“ i s T) - |s I “ T» 

+ |L(+1))(|m i s i) - |s i M i))} (All) 

|A:i(i). +i> = i) (|i(0) TT) - ^|i(+i)>(l n> + I IT))) ^(|W> - !*» 

T) (|i(-l) Tt) - |i(+l) IT)) ^(l«<i) - \du}) (A12) 

|a 1I(5).+5> = ^ki) (|i(0) TT) - ^|i(+i))(l TT) + I TT))) ^(Tf<i> - M«» 

+;^k T) (l-t(-l) TT) - l-t(+l) TT)) “ I*)) (A13) 

|slJ(|).+l> = <l^\c T> flLTO) TT) + ^|A(+1)>(I TT) + I TT))) ^(T«s> - |s«)) 

-^k T) (|i(-l) TT) + V2|L(0))(| TT) +1 TT)) + |i(+l))l TT)) (A14) 
x^(l«5) - \su)). 
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Fig.l Feynman diagrams for the continuum contribution to the AW sum rule on a 3 baryon. 

Fig.2 Boundaries of the Dalitz plots for the decays A^^(2593) —A^^tttt (lower) and 
A^i(2625) —A^^tttt (upper). The continuous lines correspond to charged pions and dashed 
lines to neutral pions in the final state respectively. 

Fig.3 Constraints on the pion couplings of the A^^ p-wave baryons /i 2 , from data on 
their decay widths. The continuous lines give central values and the dashed lines show la 
deviations. 

Fig.4 Allowed region for the couplings (g 2 , h 2 ) from the decay width of Aci(2593) and the 
Adler-Weisberger sum rule (6.30) (curve A). The dash-dotted line B shows the constraint 
imposed by the constituent quark model AW sum rule (6.31). 
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